This paper presents results of research done on an Autonomous Land Experimental Vehicle (ALX). ALX is able to autonomously follow roadways through the use of a vision system and to execute obstacle detection and collision avoidance using a suite of range sensors. This paper describes the embedded real-time control system for ALX based on a multi-processor, multi-tasking architecture and presents the algorithms that were used for visual perception, path tracking, obstacle detection and collision avoidance. Experimental results are also presented.
INTRODUCTION
The National Traffic Safety Board has indicated that in excess of 40% of heavy truck accidents are due to driver fatigue. Technologies that provide for collision avoidance and lane following can potentially "reduce urban and rural freeway accidents by a minimum of 30 and 35 percent, respectively. Accident reductions of this magnitude would eliminate approximately 7 1,000 accidents per year and $700 million in accidents costs" [I] .
With the Minnesota Department of Transportation, we are working on systems capable of taking over control of a semi tractor-trailer when drivers become incapacitated. Such systems must be able to provide for integrated speed and headway regulation, roadway following, obstacle (and other vehicle) detection and collision avoidance. At the minimum, the control system should be able to safely drive the vehicle over to the shoulder (if and where it exists), slow down and come to a complete stop.
In the first phase of the SAFE TRUCK Program, we are focusing on subsystems which prevent road departure accidents. The goal for these subsystems is to keep the vehicle in its lane. The tractor-trailer experimental testbed will use a new DGPS system capable of providing real-time 5 Hz uninterpolated position of the tractor accurate to better than 20 cm CEP. This is being integrated with an inertial measurement unit using a Kalman filter [2] . In subsequent phases, additional lateral guidance systems will be investigated including magnetic striping sensed by vehicle mounted magnetometers. For safety reasons, it is important to test potentially high risk vehicle sensing and control strategies on small vehicles before implementation on the semi tractor-trailer. The Autonomous Land Experimental Vehicle (ALX) was first designed to provide such a safe platform.
ALX was designed to solve a specific problem. navigating an a priori unknown outdoor road with paint-stripe lane boundaries, under varying sunlight conditions, while avoiding obstacles of unknown size, shape, number, and placement. The intent here was to test out concepts for integrating lateral guidance and collision avoidance procedures We do NOT expect that all the subsystems described in this paper will be used on the truck testbed. However, the software and communication architecture described here represents an early prototype that allowed us to experiment with a variety of hardware configurations, software tools, system and sensor data integration issues and interprocessor communication procedures. The visionbased guidance system described in this paper is a precursor "place-holder'' for introducing and evaluating lateral guidance within the overall system. Vision subsystems have limitations V I S a vis all-weather operation and are not at present being considered for the truck. We expect to use the DGPS system for lateral and longitudinal guidance. Similarly, the ultrasonic range sensors have serious limitations as well, including bandwidth, signal to noise ratio, lateral spatial resolution, wind and dirt effects, etc. We expect that we will be using microwave/millimeter wave based radar devices for obstacle detection and collision avoidance rather than ultrasonic range sensors.
During our design process, many of the existing systems as reported in the literature were studied [3] . A survey of the literature shows that although there are many systems which are capable of conducting obstacle detection and collision avoidance for robotic vehicles; many of them, however, are limited because of indoor operation, reliance on known environments or lack of lateral control (roadway following) functionality.
SYSTEM DESIGN
ALX is based on an electric golf cart chassis, and is equipped with control computers, actuators and feedback sensors, dead-reckoning sensors for position estimation, an array of up to sixteen ultrasonic sonar range sensors with overlapping fields for obstacle detection, and a vision system for roadway sensing.
System Device Overview
ALX (Figure 2-1 ) was designed around a centralized processor system with several subsystems as shown in Figure 2 -2 Some of these sub-systems are described briefly below. A. Dead-Reckoning System. The dead-reckoning system consists of a set of dead-reckoning sensors, which include: one two-axis fluxgate magnetometer, two clinometers, and one odometer (rear wheel encoder). The dead-reckoning system predicts the vehicle's position in Cartesian coordinate space based on position and velocity measurements from the suite of deadreckoning sensors. Other entities sensed by ALX (roadway edges, obstacles, etc.) are then referenced by using ALX's current computed position and orientation, i.e., the results of the deadreckoning computation. As with any other dead-reckoning svstems, the certaintv of ALX's coordinate accuracy decays a s -the traveled distance increases. This is due to slippage between the wheels and the road. The methods described here have demonstrated that successful operation is still possible despite the accumulated error of such systems. A system for continuously correcting deadreckoning results can improve the situation. A differential-GPS (global position system) is being tested for the truck and may be used later on ALX to correct position estimates.
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B. Ultrasonic Range Sensing System. The ultrasonic range sensor system is used to detect obstacles and to allow ALX compute and execute a trajectory around these obstacles. The information collected is accumulated and updated to construct a dynamic virtual map (see later) which provides information on the local environment to ALX. The range sensors are arranged on ALX to provide the ability to detect obstacles in front and in back, as shown in Figure 2 A VME-bus ultrasonic range sensor processing board was designed for ALX. The function of the sensor processing board is to coordinate the firing of the sensors and avoid potential crosstalk interference between them, measure the time-of-flight of the ranging echo pulse, and report range information to the main processor via a serial link which operates up to a maximum rate of 9600 baud.
C. Vision System. The vision system provides visual sensing of the roadway for ALX. It first determines the edges of the road from images taken by a CCD camera, then passes this information to the microprocessor on ALX. 
D. Mobility System Controller. The Mobility System
Controller (MSC) contains the high-power control unit for the main drive motor, the steering motor, and the brake motor. The MSC uses pulse-width modulation (PWM) to control the speed of the main drive motor. The PWM frequency and duty cycle are supplied as inputs. The nominal PWM frequency is 10 KHz.
The MSC provides protection against illegal input commands (e.g., both "forward" and "reverse" commands simultaneously being active). It also provides a mechanical relay disconnect for the main drive motor when not in a safe state. The disconnect must be energized to supply power to the main drive motor. The MSC also detects the limit switch states of the brake and steering motors, and cuts off drive power to the appropriate motor when a limit is reached.
Real-time Control Architecture
Traditional sequential control systems are not appropriate for applications such as the autonomous navigation of a vehicle because of the on-going occurrence of multiple continuous and discrete events in the environment around the vehicle. Responding with actions in a pre-defined order usually will not satisfy time constraints for successful vehicle control.
By using Wind River's VxWorks real-time operating system to construct our computing architecture, we were able to develop an embedded real-time control system which differs from traditional control systems in that the sequence of actions is determined by real-time events occurring in the outside world.
A. Cross-development Environment. The hardware for the ALX computer system includes one Unix host system (an SGI workstation), a Motorola MVME 133XT microprocessor (the VxWorks target) and a DataCube image processor. The SGI workstation is used for software development and also contains an "image" of the VxWorks system, which is used to boot the MV 133XT target. A Windata wireless Ethernet is used for intercomputer communications. The cross-development setup is illustrated in Figure 2 Software development for ALX takes place on the Unix host: an SGI workstation which operates off an uninterruptable power supply (UPS) and can therefore be taken outdoors. Program modules are written in C using the VxWorks library, are compiled with a C cross-compiler and then downloaded to ALX. ALX then runs independently of the host workstation. Multitasking provides the fundamental mechanism for control and reaction to multiple, discrete real-world events. The basic multitasking environment is provided by the VxWorks realtime kernel. Multitasking creates the appearance of many programs executing concurrently when, in fact, the kemel interleaves their execution on the basis of a scheduling algorithm. In the ALX control program, there are several tasks running "concurrently," as shown in Figure 2 -5.
The VxWorks multitasking kemel uses an interrupt-driven, pnority-based task scheduler. With this preemptive priority-based scheduler, each task is assigned a priority and the kemel ensures that the CPU will be allocated to the highest priority task that is ready to run. The primary intertask communication mechanism used in the MVME 133XT on ALX is message queues. Message queues allow a variable number of messages, each of variable length, to be queued in a first-in-first-out order. Any task can send and receive messages from different message queues, and multiple tasks can send and receive from the same message queue.
CONTROL ALGORITHMS
The control of ALX consists of two parts: path tracking and obstacle avoidance.
Path Tracking
We developed a goal point based path tracking method which first uses image processing to extract and reconstruct roadway edges, then uses a goal generation scheme to form a path defined by goal points, while at the same time providing for vehicle heading control.
A. Visual Perception of the Roadway. The goal of the vision system is to determine the location of the edges of the road in screen coordinates. To accomplish this goal, a single CCD camera is used which is mounted six feet above the ground and is pointed forward and down. This camera provides an image that covers a field of view from 5 to 30 feet ahead of the cart; its average width (trapezoidal mapping) is 20 feet. The position of the lines in these images is determined using a blob analysis (or connectivity) algorithm.
Initially, two vision algorithms were evaluated: blob analysis and edge detection using a Laplace of Gaussian (LOG) operator. The evaluation of these approaches was based on three main criteria: (1 ) Ability to find the line in the image, (2.) Ability to eliminate or ignore noise and reflections (large bright specular regions due to the sun), and (3.) Ability to reject obstacles lying on the road that may be confused with the road edge. This evaluation was based on images consisting of white lines spray painted on green grass under varied lighting conditions. The algorithm which proved to be the most complete solution was selected.
Both blob analysis and edge detection find the edges of the road when the images are "good." The advantages of blob analysis become apparent when the images have poor lighting and exhibit specular reflections due to the sun. Noise in the image is readily eliminated by discarding the blobs based on pixel count. All blobs with less than a minimum quantity of pixels are ignored. If a reflection creates a blob greater in pixel quantity than the minimum cutoff, the blob is most likely not shaped like a line. Therefore, this reflection can be eliminated based on measures of shape (i.e perimeter2/area). Conversely, edge detection does not handle reflections very well. Although the LOG operator provides smoothing to eliminate noise, it is still very susceptible to noise in the images. This is because reflections of the sun on the grass often exhibit sharper contrast than the edges of the "road." When this occurs, the edges of the reflection are incorrectly considered to be lines.
Blob analysis is also superior to edge detection in rejecting the effects of obstacles on the road which appe The obstacles which ALX encounters are not shaped like a line. Therefore, blobs that are representative of obstacles are rejected as potential line data based on shape measures. Edge detection does not eliminate the obstacles as well as blob analysis. Edge detection finds the edges of the obstacles. If the obstacle is on or Due to the simplicity of the approach and the overall ability to eliminate noise and obstacles from the data, it was decided to use blob analysis for the vision algorithm. Although many of the shortcomings of edge detection can be eliminated by adding further qualifying criteria for potential lines, it was found that blob analysis provides adequate results without adding complexity to the algorithm.
It should be noted that blob analysis has one major short coming. Blob analysis is only as good as the threshold selected for the image. However, it has been found experimentally that using a histogram based thresholding method [6] consistently reduced these image to the desired data (lines with some noise and obstacles).
As stated earlier, the vision algorithm is executed on a MaxTD pipeline based image processor (see Figure 3-1) . A pipeline is a software programmable hardware path on the Datacube MaxVideo 200 that performs a desired task (e.g., convolution) on the input data. The pixel values are sent through a pipeline as a stream of data and the desired operation is performed on the image. A pipeline is first used to capture the image. The results are passed to another pipeline which performs a histogram and a thresholding operation. The histogram data is processed by the Motorola MVME 167 (68040 based) processor located in the MaxTD system in order to determine a threshold value. This value is used for thresholding the next time the histogradthresholding pipe is executed. The final pipeline image then performs a 3 x 3 morphological filter. This filter eliminates isolated points and enhances the connectivity of blobs by filling in gaps in the connected regions. image processing system. The remainder of the blobs are considered as potential candidates for part of the road lines. These blobs are then associated with the left-side edge, the right-side edge or are discarded; this process is called blob association. To carry out this function correctly, a memory mechanism was used. The program keeps track of the road edges reconstructed in the previous image frame and then uses them as references for the current image's blob association. This mechanism is based on the assumption that the image processing speed is reasonable' in terms of ALX's operating speed so that the positions of the road edges in two consecutive images do not differ significantly. As shown in Figure 3 After the blob association, a least-square curve fitting approach is used to construct a second order polynomial curve which represents each of the two roadway edges. To represent the constructed road edges, a finite number of evenly-spaced horizontal lines are scanned across the image, and the intersection points between the horizontal lines (dashed in Fig. 3-3 ) and the left (or right) edges are used to represent the left (or right) edge (Fig. 3-3 ). These intersection points are then used in order to compute the goal points which represent the center of the "desired' path. The results of the morphological filter and of the blob analysis and final road boundaries are displayed by an additional pipeline on the MaxVideo 200.
B. Path Generation and Tracking.
In our path tracking algorithm, any path, either generated from the visual processing unit or from an alternative path planning algorithm used when the vehicle is obstructed, is represented by a finite number of goal points on the center-line of this path. The goals are defined in world coordinates and represent the positions which the vehicle is Currently, all functions described by Fig. 3 .1 execute at between 5 to 10 Hz depending on the complexity of the image. This was found to be adequate for vehicle speeds of about 5 mph. directed to reach. The coordinates of the goals are stored in a goal stuck. Figure 3-4 shows an example of a path and its corresponding goal stack. The purpose of the goal stack is to allow ALX to retrace its steps if necessary to back up and go around an obstacle. 
Range Sensor Processing and Obstacle Avoidance.
obstacles and to map ALX's local environment.
The on-board ultrasonic range sensors are used to detect A. Construction of the Virtual Map. The spatial information processing algorithm of ALX is based on the concept of a virtual map, a representation of the local area around ALX (see Figure 3-5 and 3-6 ). This virtual map is constructed by a two-dimensional (2-D) array and each unit of this array is called a cell. Since ALX is currently designed to operate only on a relatively flat surface, all the range sensor data is projected on this 2-D Cartesian map, and sensor information is registered into the map cells. The virtual map is designed to be a square area about twice the length of the maximum sensing range along each edge and "scrolls" along under the robot as it moves. As ALX moves along, new "uncharted" areas appear on the leading edge of the map. Traversed areas "fall of' the trailing edge of the map, and all data associated with that part of the world is forgotten. The rationale for this is the short time frame for accurate position data provided by the on board dead reckoning system. If ALX returns to an area previously visited, the position estimates will probably have accumulated enough error to make the saved data worthless.
The purpose of constructing the virtual map is to determine the local trafficability, therefore the map should have accurately and clearly delineated open space and obstacles. However, the ultrasonic range sensors can lead to a variety of systematic errors ([4], [5] ). By systematic errors, we mean those errors that result from deterministic yet incorrect or biased interpretations of the raw data during processing.
Because of the relatively large beamwidth of the range sensor (about 15 degrees), we observed that there are several possible interpretations of the data from a given isolated scan. When combining data from different sensing positions or angles, erroneous initial interpretations will give rise to conflicts. To resolve conflict in the interpretation of the range sensor information, various stochastic methods have been used. In these methods, for each sensor scan, the profile of probability of the cells in the sensor cone has to be recalculated, and then every cell has to be updated. This is computationally expensive.
To identify and remove systematic errors arising from the processing of sparse sensor data, we have successfully adapted a non-stochastic method based on a multi-value labeling algorithm [6] which is briefly described below This method is much less computationally intensive compared to the stochastic methods, yet adequately handles systematic errors mainly caused by the range sensor's relatively wide beamwidth. In order to label the cells, we process the portion of the virtual map within the boundaries of the sensor cone up to the measured range distance Each cell inside this cone on the virtual map can be given a preliminary label as follows: if the sensor returns a "hit" and the distance from the origin of the cone to the center of the cell under consideration is greater than the sensed range, then the cell is given an assignment of "OCCUPIED'. Otherwise, the cell is assigned to be "EMPTY." For example, in Figure 3 -5, for sensor N+1, both cell 1 and cell 2 are labeled as "OCCUPIED," while both cell 4 and cell 5 (well inside the boundary) are labeled as "EMPTY".
Beside a label, each cell is also assigned an attribute, which is the range of the sensor's actual return. This attribute is used in a relabeling algorithm to determine which sensor was closer to the detected obstacle. The closer the range sensor is to the object, the more confidence we have in the returned range value (provided that the returned range is greater than the sensor's minimum detectable range). Thus, when conflicting assignments arise, the cell label is assigned based on the sensor which is closest. For example, in Figure 3 -5, the cells receiving conflicting label assignments will be finally labeled in favor of sensor N+1.
Note that not all systematic errors can be treated in this way, and such a methodology is best suited to the case where the data is sparse, the patterns of conflict are simple, and the corrections are physically unambiguous.
In order to overcome these limitations, we have successfully developed a system that can generate topologically correct maps on line in real time for ultrasonic range sensors. The methodology, based on self-organizing neural networks, is described by Morrellas et al. [7] . B. Alternative Path Generation. Alternative path generation is one of the key issues to achieve successful operations of ALX. The central issue for ALX's navigation is how quickly it can generate a safe alternative path when it detects obstacles in its original planned path. A graphic binary-tree search algorithm was developed for ALX's alternative path planning. This method utilizes the virtual map, which stores the occupancy of ALX's local environment and an "attracting" location which lies on the primary path of goal points. ALX tries to reach the attracting location while avoiding obstacles by searching for regions of "empty" cells. The algorithm tests each consecutive goal point by comparing the "footprint" of ALX with the occupancy of the virtual map under the footprint. If occupied, the algorithm tries a new goal point to the right and then to the left. If these are occupied, ALX backs up by one meter and iterates to find a new path around the occupied region (Figure 3-6 ). This alternative path planning method was successfully tested under a number of scenarios, ranging from a single obstacle near the lane boundary (requiring only slight trajectory corrections) to multiple obstacles which completely blocked the marked lane (requiring a reversal of direction to maneuver around the obstacles).
Overall Control Strategy
Figure 3-7 illustrates the overall control strategy of ALX's autonomous operation. ALX attempts to travel towards the top goal on the primary forward goal stack, which is constructed from the vision information, and then by using the virtual map, constructs a detouring goal stack when an obstacle is detected. 
EXPERIMENTAL RESULTS
Through a series of tests, the performance of the vision system was evaluated. The vision system guided ALX over a test track (Fig. 4-1) consisting of both straight sections and corners of varying curvatures under bright sunlight, overcast conditions, and low light intensity situations (i.e., dusk and dawn). which contains an obstacle near the middle of the road. By using the ultrasonic range sensors, ALX successfully detected the obstacle, generated and executed an alternative detouring path, and resumed roadway following after the obstacle avoidance operation.
CONCLUSION
ALX has proven to be a valuable tool for the preliminary investigation of vehicle sensing and control strategies at the system integration level. To date, it has facilitated the evaluation of multi-tasking and intertask communication, real-time control protocols, vision based lateral control, dead-reckoning based vehicle position estimation, and ultrasonic sensor based collision avoidance strategies. Given the nature of ALX, vehicle dynamics are not an issue. The collision avoidance strategies used here would be appropriate for maneuvering in parking lots and in freight loading areas, but not for highway applications. However, future work will investigate alternate methods for collision avoidance, especially those which would be relevant to large trucks which would have to steer around immediate collisions due to their high inertias. Higher risk strategies can be investigated on ALX without significant concern for human safety and vehicle damage. Other future technologies to be evaluated on ALX include millimeter wave radar (to replace the ultrasonic sonar sensors) for obstacle sensing and collision avoidance.
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